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“) Introduction

Malaria continues as a major health threat throughout the tropical world and
potential demand for antimalarials is higher than for any other medication yet the world
faces a crisis-drug resistance is emerging and spreading faster than drugs are being
developed and the flow in the pipeline of new drugs has all but stopped. This represents
a particular threat to the US Military. In a short time there may be parts of the world
where no effective antimalarial drug is available. The recent emergence of multidrug
resistant malaria parasites has intensified this problem. Recognizing this emerging crisis,
it is necessary to identify new strategies for the identification and development of new
antimalarials. The goal of this work is the development of a framework for antimalarial
drug development into the 21% century.

A new strategy for drug development is urgently needed. Current drugs are based
on a small number of target molecules or lead compounds and in most cases the target of
drug action is yet to be identified. Resistance is emerging rapidly and the mechanisms of
resistance are poorly understood. The identification of new targets or new candidate
drugs based on an understanding of the parasite biology are key elements in this new
strategy. Clearly the development of a new antimalarial will require both basic and
applied research working in concert with one another.

The goal of this work is to use a molecular genetic approach both in the
identification of new drug targets and in the investigation of mechanisms of drug
resistance. There are two parallel approaches being developed, one the development and
characterization of a homologous transformation system and two the development of a
heterologous expressions system in yeast for potential drug target enzymes. The yeast
expression system should allow rapid screening of new drugs, greatly increasing the rate
at which new antimalarials can be tested and developed. Both of these approaches are
based on the functional analysis of malaria genes with goal of using this information in
the identification and development of new antimalarial drugs. The development of these
tools should facilitate future drug development and allow us to translate our molecular
genetic knowledge into the practical identification and development of new antimalarials.
This is a new strategy and it is being applied because of the crisis facing us in antimalarial
drugs. The previous strategy, namely lead directed screening must be supplemented by
new strategies or we will be faced with multiresistant Plasmodium falciparum and no
drugs to treat it.

Malaria represents a major and increasing threat to the U.S. Military. Many of the
sites of current or potential U.S. Military involvement are endemic for malaria and in
several sites, multidrug resistant P. falciparum represents a major problem especially for
non-immune military personnel. Current drugs available to the U.S. Military are quickly
losing their effectiveness because of emerging and spreading drug resistance. This work
is directed both at identifying new drugs and drug targets, but equally importantly toward
an understanding of drug resistance mechanisms with the goal of preventing or
overcoming drug resistance in the malaria parasite.




5) Body

During the grant period, the research has focused on the two objectives, namely
the analysis of critical genes in the Plasmodium falciparum for their role in drug
resistance and as potential new drug targets using both the homologous P. falciparum
system and the heterologous yeast system. We have initiated experiments during this
grant period which take a alternate technical approach to achieve the goals in our
statement of work and represent applications of new technology which did not exist at the
time of our original planning process. These include the analysis of gene expression in
response to drug treatment using the method of Serial Analysis of Gene Expression and
the use of DNA Chip technology in the analysis of the yeast heterologous system. These
approaches complement ongoing work and will provide us with new insights into drug
resistance and provide excellent tools for the identification of potential new drug targets.
Summaries of the ongoing work, including recent data are included for each of the
projects. This report is for the entire grant period and includes information from previous
annual and other interim reports. '

5.1 Functional analysis of putative drug resistance genes and new drug target
genes in the malaria parasite through the further development of a
transformation system for the malaria parasite including:

1. Development of methods to express and modify parasite genes
2. Development of methods for targeted gene disruption

The overall goal of this work is to understand gene expression the parasite, in
particular, the expression of genes critical for drug response and resistance. This work
will also lead to the development of methods to identify critical genes as future drug
targets. One of the key obstacles hindering our progress in this work is a fundamental
understanding of gene expression in the parasite and this has limited our ability to
manipulate the organism. Another obstacle had been the limited number of genes that
had been examined in the parasite. Progress in the Plasmodium falciparum genome
project and development of new technology has provided an opportunity to overcome
these obstacles in the parasite. We have now initiated a project to analyze gene
expression in Plasmodium falciparum using the newly developed method of Serial
Analysis of Gene Expression. This work is being done in close collaboration with Dr.
Keith Martin, WRAIR.

Background

The Plasmodium falciparum Genome Project has opened new approaches to drug
target identification and through a functional analysis of whole genome expression, new
drug targets will be identified. The overall goals of this work are to use the knowledge
derived from understanding the profile and mechanism of gene expression to identify
novel targets for drug development. Approximately 60% of the predicted genes in the




Plasmodium falciparum genome do not yet have an identified function and among these
will be genes critical for parasite survival and function. By using a functional genomics
approach to analysis, we hope to identify new classes of genes which we cannot
necessarily predict based on homologies with genes identified in other systems or
predicted based on common metabolic pathways. These pathways may also help us in
identifying new targets for drug development

"Genomes to Drugs — Opportunities to discover new drug targets

In order to achieve this, a more fundamental understanding of parasite biology is
needed. Great progress has been made in the sequencing of the Plasmodium falciparum
genome with two chromosomes assembled and annotated (Gardner et al. 1998; Bowman
et al. 1999) and high-throughput sequencing analysis complete for over 80% of the
genome at the three genome sequencing centers, The Institute for Genome Research
(TIGR), the Sanger Centre and the Stanford Genome Center. Relating genomic sequence
to function and ultimately malarial biology is the next logical step. One approach
involves investigating transcriptional profiles in the parasite at the level of the entire
genome. By understanding the network of genes expressed by an organism, complex and
interrelated cell functions can begin to be unraveled. Much previous work has focused on
single genes, yet many biological processes are the result of interactions of multiple genes
and gene products. Such global transcriptional studies are a first step to identifying
participants in such complex processes as response to drug treatment. By investigating
gene expression on a genome-wide scale, we hope to discover key features of the
parasite’s biology and discover new targets that could lead to novel drug development.

Serial analysis of gene expression (SAGE) is particularly well suited for malarial
systems, as little is known about gene expression and many of the genes identified in the
sequencing project are of unknown function. SAGE is an extremely powerful tool with
which to simultaneously and quantitatively analyze mRNA transcript profiles from a
given cell population, allowing for the discovery of new genes. For the first time, it is
now possible to examine the response of all of the genes to stimuli such as drug
~ treatment. Techniques have been developed in other systems and adapted to malaria
including differential display (Liang et al. 1992) (Thelu et al. 1994), microarray analysis
(Lashkari et al. 1997) and Serial Analysis of Gene Expression, SAGE (Velculescu et al.
1995) (Hayward et al. 2000).

Serial Analysis of Genes Expression

SAGE is well suited to an organism whose genome is not completely annotated
and provides an open platform for new gene discovery. SAGE allows the discovery of
new genes, as well as the detection of low abundant transcripts by qualitatively and
quantitatively analyzing thousands of transcripts in a given cell population at the same
time. The technique is'based on three experimentally confirmed principles (Velculescu et
al. 1995): a) a short (10bp) tag from a defined position within a transcript can uniquely
identify a gene. This is reasoned by the fact that the maximum number of possible tag
sequences, assuming a random nucleotide distribution (410= 1,048,576), is far greater than




the number of estimated genes in most organisms; b) concatenation of several tags into a
single molecule allows for efficient sequencing and acquisition of data; and c) expression
patterns of induced genes are accurately represented by the abundance of their
corresponding tags. As such, SAGE can achieve levels of transcript profiling that have
not been approached by differential display, subtractive hybridization and EST (expressed
sequence tag) technologies (Carulli et al. 1998).

SAGE has been successfully applied in a number of different systems; for
example, it has been used to a) characterize the entire repertoire of expressed transcripts
in yeast (Velculescu et al. 1997); b) identify p53 regulated genes (Madden et al. 1997)
(Polyak et al. 1997); c) compare differential gene expression between normal human and
cancer cells (Zhang et al. 1997; Hibi et al. 1998; Hibi et al. 1999; Lal et al. 1999); and d)
profile gene expression in rice seedlings (Matsumura et al. 1999). In summary, SAGE
lends itself as an extremely efficient tool for qualitative monitoring of global gene
expression.

Global gene expression responses to drug treatment

The recent availability of complete genome sequences and methodologies to scan
whole genomes has allowed investigators to ask questions about the global response of
cells to various stimuli (Schena et al. 1995; Schena et al. 1996; Heller et al. 1997;
Velculescu et al. 1997; Schena et al. 1998). Much of the initial work was done in
Saccharomyces cerevisiae and has led to the surprising observation that over 100 genes
change in expression levels when cells encounter toxic drugs or nutrient levels change
(DeRisi et al. 1997; DeRisi et al. 2000). These results imply that response to drug
treatment involves the interaction of several gene products and several pathways may
exist by which the cell can resist the toxic effects of the drug. Over time, a particular
pathway may predominate in resistant cells, but the expression of other proteins may
continue to play an important role. In yeast, more than 20 genes are turned on after
treatment with phorbol ester implying specific transcriptional activation and thus opening
a new avenue for the development of interventions. A specific aim of this project is to
investigate the global response of Plasmodium falciparum to treatment with antimalarial
drugs. This research will be accomplished using the methods of Sequential Analysis of
Gene Expression (SAGE) (Velculescu et al. 1995)

A second and related question concerns the mechanism by which parasites are
killed. Does treatment with toxic drugs result in a unique gene expression pattern or do
cells during the course of the response to drug treatment express a common set of genes?
Little is known about the events that lead to cell death in parasites. Is the response to
each drug or immune mediator unique or is there a common cell-death pathway? In
higher eukaryotes, specific pathways are involved in cell death, termed apoptosis, which
can be stimulated by many different events including the treatment of cells with toxic
drugs. The requirement of programmed and orderly cell death during the development of
multicellular organisms is thought to be the origin of the apoptotic pathway. In
unicellular organisms such as Plasmodium falciparum, whether such a pathway exists
remains an open question. Only a single publication in the literature provides evidence
for DNA fragmentation after chloroquine treatment, consistent with an apoptotic pathway
(Picot et al. 1997). The goal of this work is to explore the parasite’s response to several




different toxic compounds, including immune mediators, and examine the gene
expression profile using the approach of whole genome scanning.

One of the overall goals of this work is to use the knowledge derived from
understanding the mechanisms and networks that control gene expression to identify
novel targets for drug development. Approximately 60% of the predict genes in the
Plasmodium falciparum genome do not yet have an identified function and among these
will be genes critical for parasite survival and function. By using a functional genomics
approach to analysis, we hope to identify new classes of genes which we cannot
necessarily predict based on homologies with genes identified in other systems or
predicted based on common metabolic pathways. At least one class of genes will be
involved with the regulation of gene expression and these may prove to be unique to
Plasmodium falciparum and provide new insights into novel aspects parasite biology.
These pathways may also help us in identifying new targets for drug and vaccine
development.

Experimental Design and Methods

We have been successful in establishing the SAGE technology for Plasmodium
falciparum. Our results are summarized below and provided in greater detail in the
Appendix in Munasinghe et al, submitted and Patankar et al, submitted). We have
presented results demonstrating the feasibility of the SAGE methodology applied to the
Plasmodium falciparum asexual stage parasite system. This sets the stage for examining
global gene expression profiles under a variety of conditions and will lead both to the
identification of networks of genes coordinately regulated and to the identification of new
genes and pathways critical for parasite survival. We have also presented results
demonstrating our ability to functionally analyze cis-elements hypothesized to be
important for gene regulation. This approach will be critical for the analysis of the gene
expression networks identified by the SAGE analysis. In the proposed work, we will
extend our SAGE analysis to analyze the parasites under conditions of biological
relevance and then use that information to identify genes or groups of genes for further
functional analysis.

Development and optimization of the Serial Analysis of Gene Expression (SAGE)
technology for Plasmodium falciparum

We have demonstrated in the preliminary data and accompanying detailed
manuscript the feasibility of applying the SAGE technology to Plasmodium falciparum.
Under this proposal we plan to use this technology to analyze differential global gene
expression under different growth conditions. Additional development of the technology
including the development of bioinformatics support for the technology and optimizing
the technical aspects of the methodology. The results of our work are summarized below.
Additional detailed information can be found in the preprint and manuscript (Munasinghe
et al, 2001, Patankar et al, submitted).




Genes expressed by Plasmodium falciparum asexual stage parasites

The first set of experiments is to analyze the genes that are expressed by the
asexual stage parasites using the SAGE methodology. Plasmodium falciparum (3D7)
parasites were synchronized and harvested at the trophozoite stage (70% trophozoites)
and SAGE analysis. Trophozoites were chosen as the first target for SAGE analysis
because of the large body of evidence that in the asexual blood stages, the majority of
RNA synthesis occurs during the trophozoite stage. In subsequent experiments,
synchronized parasites will be isolated at different stages of asexual blood cycle and
expression profiles will be compared. In the initial experiments, we analyzed
approximately 7000 individual tags and determined their abundance in the tag population
(see Table 1, NB: we only reported the abundance of those tags present at 2 or greater
copies.). '

As can be seen from this data, only a small percentage of mRNAs are present in
high abundance; only 11 genes are found in the highest abundance classes, while greater
than 80% of the tags are present at 10 to 50 times lower levels. In addition, those tags '
present at 2 copies or more in the SAGE library correspond to 1047 genes, or
approximately 15% of the total predicted genes in the parasite genome. If the single tag
data is included, then trophozoites express approximately 3500 genes, or about 50% of
the total predicted genes. This data is quite consistent with other systems such as
Saccharomyces cerevisiae where about 3500 of the predicted 6500 genes are expressed
during vegetative growth with less than 1000 genes expressed at high abundance. This
implies that a significant number of genes are not expressed during trophozoite stage of
the parasite, although, there may be some transcripts that do not contain an NIlalll site or
which are expressed at very low levels or undergo very high turnover.

Table 1.

Percentage Total number Total number Matches to NCBI
Frequency* of tags of genes P.falciparum database
>2.2 87 (2.4%) 1 0.1%) 1 (0.1%)

1.1-2.2 90 (2.5%) 2 (0.2%) 2 (0.2%)
0.55-1.0 226 (6.3%) 8 (0.8%) 7 (0.7%)
0.28-0.53 370 Q0%) 30 (2.8%) 25 (24%)
0.14-0.25 632 (18%) ' 105 (10%) _ 78 (7.4%)
0.06-0.11 2196 (61%) 901 (86%) ND

Total 3601 (100%) 1047 (100%) ND

" The tags are divided into abundance classes according to frequency of appearance
among 3601 tags comprising the expression profile of the 3D7 control population. The
number of tags matching to an entry in the P. falciparum database is listed per abundancy
class, and the percentage of hits among 1047 unique tags is given in brackets.

The identity of the genes in the highest abundance classes was assigned using the
BLAST analysis procedures of both the Genbank database entries at NCBI and the high




throughput shotgun DNA sequence available at the TIGR, Sanger and Stanford Genome
Centers. In addition for a subset of the analyses, we used those sequences assembled by
Jessica Kissinger and David Roos at the University of Pennsylvania. As can be seen in
Table 2 below, several that are expressed genes include

Highly expressed genes

Tag % Abundance  Gene description
TCAGGCGTTA 1.3 cytochrome oxidase (mitochondrial-gene)
GAAGTCGAAA 0.45 5.8S ribosomal RNA
ATTTGAAGCA 0.42 Rhop H3
GTAGTTGACA 0.36 hypothetical protein
CTAAAGCACC 0.33 ras-related nuclear protein
TTGAAGCTGA 0.28 heat shock protein
CGAGGAAAAA 0.27 serine repeat antigen
AACGACAAGA 0.25 Pfg27/25
CCAAATGATG 0.25 polyubiquitin
TACAGCTGCT 0.21 merozoite surface protein
GGGAAAGCGA 0.19 hypothetical protein
TTGAGGATTC 0.19 rifin

GGAAATAAAG 0.18 unknown protein

Table 2: Highly expressed genes in the 3D7 control SAGE library. Tag represents the 10bp SAGE tag
adjacent to the Nlalll site. Gene description details the gene corresponding to a particular tag. Abundance is
listed as a percentage of all 6702 tags in the 3D7 control SAGE library.

known as well as several matches to hypothetical or unknown proteins. This unknown
and hypothetical proteins are likely to represent highly expressed genes in pathways not
yet uncovered by traditional approaches and may represent novel parasite pathways,
critical for parasite survival and growth. Such genes may point to new pathways to target
for drug development.

Northern Analysis to confirm SAGE data

These initial experiments have demonstrated the feasibility of this approach;
however, additional data will be needed to fully validate this method and to use the
method for further analysis. First, the abundance level indicated by the SAGE analysis
will need to confirmed using other methods. Our first approach was to examine several
of the genes using the method of quantitative Northern blot analysis and this analysis
confirmed the SAGE data (see Patankar et al, submitted). There are two other potential
methods that could be used to compare abundance of mRNA. This includes the use of
microarrays and we will collaborate with those groups to compare our SAGE data with
their data. In addition, for certain genes where the exact amount of mRNA present in the
sample is critical to further experiments, quantitative PCR methods can be developed.

Definition of the Plasmodium falciparum Transcriptome

A second major aspect of this specific aim is to create a new SAGE tag library in
a second experiment using P. falciparum 3D7 trophozoites. This will allow us to
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determine the reproducibility of the tag library and will also give us additional tags to
include in the analysis. An empiric method was developed by Velculescu and coworkers
(Velculescu et al. 1995) to determine the minimum number of tags necessary to describe
what they termed the “Yeast Transcriptome”. They measured the number of new tags
obtained as a function of the number of tags analyzed, and determined that a library of
15,000 tags had reached saturation in terms of the acquisition of new tags. In a similar
analysis using our initial data, we have determined that for the high abundance class of
tags, a library of 2000 tags was adequate for these tags to be identified and to be sorted
into the high abundance class. If we analyze total tags as above, then we have not yet
reached saturation or plateau level in the acquisition of new tags and predict based on our
data and data from the yeast system, that we will need approximately 15,000 tags from a
single library. One of our first goals will be to generate such a library to serve as the
basis of comparison for all of the other work. Results from this library will be posted on
the web, either through our own website and/or through the Plasmodium falciparum
Genome Project database.

Once the SAGE library has been completed for the trophozoite stage, we will
make libraries for the ring and schizont stages of the parasite life cycle. Each of these
libraries will be made using synchronized parasites as described in the preliminary data
and quantitative analysis of Giemsa stained thin blood smears will be used to assess the
purity of the preparations. ’ :

Annotation of SAGE tag data

One of the major goals of this work is to understand the networks or groups of
genes that are coordinately expressed by the parasite. In the initial experiments, we will
determine all of the genes expressed during the trophozoite stage. This should give us
insights into metabolic pathways, expression of surface molecules and identify several
unknown genes to focus on for further analysis. In our preliminary data we have begun
this analysis for the tags expressed in the highest abundance classes (shown in Table 2).
We will continue this analysis with the remainder of the tags and more importantly with
the larger 3D7 SAGE library. This process will require some additional software
development since the majority of the Plasmodium falciparum genome sequence is not
fully annotated. The work done under this specific aim will contribute significantly to
annotation of library with regard to identifying genes with regard to their expression
profile. One advantage of this SAGE library is that the once the data is collected, it will”
continue to be useful in identifying expressed genes as more of the genome is annotated.

High Abundance Class mRNAs

Another important outcome of this work is the identification of key metabolic
pathways in the parasite. For example, the most abundant tag corresponds to a
mitochondrial gene, cytochrome oxidase. Consistent with this, Vaidya’s group
(Srivastava et al. 1999; Srivastava et al. 1999) has identified the target of atovaquone, the
newest antimalarial drug to be developed, as mitochondrial cytochromes. The baseline
data provided by the 3D7 trophozoite stage SAGE library will provide us with a
description of all of the genes expressed by the parasite in this metabolically active stage
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of the parasite life cycle. In addition, it will give us greater insight into which metabolic
pathways are likely most active in the various stages of the parasite life cycle.

Global Gene Expression Following Drug Treatment

~ One of the most powerful approaches to understanding key pathways in parasite
biology is to examine the changes in gene expression under different conditions. Of
primary interest to our laboratory is the effect of drug treatment on parasites. This both
give us insights into putative mechanisms of action and the potential of identifying new
targets in existing pathways. To initiate this work, we have treated Plasmodium
falciparum parasites with chloroquine under conditions that will kill the parasite over the
course of a 48-hour treatment.

5.2  Analysis of Gene Expression in Plasmodium falciparum

As the work on the global analysis of gene expression is ongoing, we have
continued our efforts to understand gene expression at the level of the individual gene in
order to develop methods to modify expression using molecular genetics. Again, with the
additional information provided by the genome project, we have been able to make
excellent progress on this work and have made a preliminary observation which indicate
that we may be able to readily identify cis-acting elements which control gene expression
through an analysis of comparative genomics.

5° Untranslated Region sequence variation in strains of Plasmodium falciparum.

Transcriptional regulation has not been well defined in Plasmodium falciparum.
A review of studies that have looked at the regulation of different genes indicate that
regulation in the parasite may be different from the classic model of regulation in
eukaryotes. While the mechanism may be different, it is likely that transcriptional
regulation plays an important role in genes such as pfindrl. This is supported by the
evidence in yeast, where PDR genes are transcriptionally regulated. Thus in an effort to
further characterize the role of pfmdrl in drug resistance, we have begun to map the
5’untranslated region of the gene.

A contig on chromosome 5 containing 3D7 strain pfindrl coding and noncoding
sequence has been extracted from the Plasmodium falciparum genome database. The
coding region of this contig has 100% identity with the coding sequence of the D10 strain
pfindrl clone in Genbank (gi:9935). However, the 5’UTR of the genes only has 60%
identity. This reduction in identity occurs in a pattern of complete homology, followed
by minor variation, followed by major variation at the most upstream end of the 3D7 and
D10 sequence. This pattern may be indicative of selective pressure in the gene.

We were interested to see if this pattern of increasing variation was present in
other P.falciparum genes. A comparison of upstream sequence of the 3D7 and T9/96 (gi:
160127) P. falciparum calmodulin genes revealed a similar pattern. Of course, the
possibility of cloning artifacts and sequencing errors must be ruled out before the
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significance of this result can be determined. Both sets of sequences were aligned
utilizing the Clustal W alignment tool. They were anchored at the putative translational
“start site, and matched in length to minimize gaps. 3D7, the reference strain, is

highlighted in bold for both alignments.
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SEQUENCE ALIGNMENT OF 3D7 AND D10 pfmdrl 5’UTR.

80.5% identity in 503 nt overlap; score: 1217

10 20 30 40 50 60
TAAAATATACATAATTAAATATAAAAATGACATTATATTTTTGTTAAATTATACAGAAGA

......................

TAAATCTTTTATAA-—AAATATAATAATTAATAATTTTTTTTAATAAATAATTTTGTTTA
10 20 30 40 50 60

70 80 90 100 110 120
AARAAAAAAAAAAAAAAAATAGAAGTAAATTGTATAGAATTATTTNTTTATTAATATTAT

......

AATTAATAATATGTAATTTTATTATTTATTTATTAACATTTTTTTTTATATTT TATATA
70 80 90 100 110 120

130 140 150 160 170 180
TATTTTATTTTGAATAA- —AACTATTTTNGTATCTAATAATAAATA-TAATAACACATAT

.....

AAATACATATATAATAACTAAATTTATGCGCATATAAAAATATCTAATAATTTTAATTAT
130 140 150 160 170 180

190 200 210 220 230 240
ATATATATATATAT-ATATATATATATATTATT- - - TNANTTATTATTATATTTTTTTTT

....................................

ATATAT- TATATATTATACATATAATTATTATAACGTTATATATTATTATATTATATTAT
190 200 210 220 230

250 260 270 280 290 300
TTATTATTTTTTTTGTCATTGTGTAAATATATAAATATATATANTATATATATATTATTA

..........................................................

T-ATTATTTTTTTTGTCATTGTGTAAATATATAAATATATATATTATATATATATTATTA
240 250 260 270 280 ' 290

310 320 330 340 350
TTTCAACATTGTTTATATATATATATATATATATATATAT- - - -TTATATTTATATATTG

........................................................

TTTCAACATTGTTTATATATATATATATATATATATATATATATTTATATTTATATATTG
300 310 320 330 340 350

360 370 380 390 400 410
ATATATGTGTACATAGCTTATTTCATTTATAAGATTTAGATTTTGTTTTTAATATTATAT

ATATATGTGTACATAGCTTATTTCATTTATAAGATTTAGATTTTGTTTTTAATATTATAT
360 370 380 390 400 410

. 420 430 440 450 460 470
AATTTTGTTTGTTACAAATTAATTAATTATTTCTITATTTCTTTATTTTATTTACATTTT

............................................................

AATTTTGTTTGTTACAAATTAATTAATTATTTCTTTATTTCTTTATTTTATTTACATTTT
420 430 440 450 460 470
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Sequence alignment of 3D7 (TOP) and T9/96 (BOTTOM) Calmodulin 5’UTR.
76.2% identity in 1015 nt overlap; score: 2163

60 70 80 S0 100 110
AAATATTATTTATAACAAGAGAAAAGGCAGAAACAAAATAA-ATTATAATAAAAAACACA

AACCATTTTGTAAAAAAAATTAAAATATATTTATATAATATTATTTTATTTTATTATATA
80 90 100 110 120 130

120 i30 140 150 160 170
TTTTTTTATATTTGTATGAATATATTTTTTGTTATGCCTAAAAAAAAATAGGATTATC-A

TTATATTATTTTTATTTTTATTTTTATTTTTTTTTCTCTACAAATT - ---- -~ TTATCTA

a 140 150 160 170 180
180 190 200 210 220 230

TATTTTTATATAAAATGTAAGGATTTCAARAATATATATAATTT - - -TTTAAAATAACAAA

TTGGTTTATTATAAAAATATCTATTTCTAATAATAAATAATTAAGATATCAATTTATAGA
190 200 210 220 230 240

240 250 260 270 280 290
AAGGGAACATTTTTTTTTTTTTTTTTAACATTTTCATGCCACGTTGACAAGAATTTTTAA

AACAAAATATATACTTGTATAATTTTATTTTTTTATATAAATCATTACATATATAATTAT
250 260 270 280 290 300

300 310 320 330 340 350
AAAATCCATTAAATTAAAAATAACTTTTTTATTTATTTAAATAAGATATTCAAATAAGGA

_ ACAATATTTTTTCTAAGAGATAA ----- TTATATATT ————— AATATATATAAAAAAAGG
310 320 330 340 350
360 370 380 390 | 400 410

TATTTATTAATTAGCTCGCAAATGGCCAAATAAGAAATATAATATAATATATTATTATAT

TGTTTTTTTTTTTTTTTTTTATTTTT——-ATTTTTATTTTATGGTAATATTTTATTTTCC
360 370 380 390 400 410

420 430 440 450 460 470
ATATTATATATATATATATATATAAATATATTTATAATAATA-ATATAAATAAAGTATAT

TTATTTTATAAAT TATATTAGTTTATATGTGATTAATTTTATATATTATCAATTTATAT
420 430 440 450 460 470
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480 490 500 510 520 530
GAAAATACAAAATGTTA-TTATGTATATATAATATATAATATATAATATTATATATGTAA

- -ATTTTTAAATGCTTACTTAATTATCTTTTTTTTTTTTTTTTTTTTTTTTTCCCCTCTT
480 490 500 510 520

540 550 560 570 580 590
TAAATCAAAAAGAATATATAAATATTATATATATATATATATATATAATATATATATATA

............................

TTTATATTAATTTATTTTTGAAAAA ATTGATATATATATATATATATAATATATATATA
530 540 550 560 570 580

600 610 620 630 640 650
TACATGTAGTAGTATTAAACAATGTATAATATATATAAATAATATATTTATATATTTCAT

............................................................
............................................................

TACATGTAGTAGTATTAAACAATGTATAATATATATAAATAATATATTTATATATTTCAT
590 600 610 620 630 640

660 670 680 690 700 710
TTCAATTTTAATTTTTTTTG- —TTTTTTTTTTTTTCTTITTTGTCATATTTAAAAAAAATT

TTCAATTTTAATTTTTTTTGGTTTTTTTTTTTTTTCTTTTTGTCATATTTAAAAAAAATT
650 660 670 680 690 700

720 730 740 750 760 770
ATATTCATATAAGTTATGCATTTTTTATAAACATTATTCAATATATGTATAATATAATAT

............................................................

ATATTCATATAAGTTATGCATTTTTTATAAACATTATTCAATATATGTATAATATAATAT
710 720 730 740 750 - 760

780 790 800 810 820 830
ATATATATATATTAATGTATTATTCCAATGTGCATGATAAAAGAAAAAAATAATATTTAT

............................................................

ATATATATATATTAATGTATTATTCCAATGTGCATGATAAAAGAAAAAAATAATATTTAT
770 780 790 800 810 820

840 850 860 870 880 890
AAAAAAAAAGAAAAATAAAACAAAAAAAGAAAAAAAAAAAAAAARAAAAAAAAATACAAA

............................................................

AAAAAAAAAGAAAAATAAAACAAAAAAAGAAAAAAAAAAAAAAAAAAAAAAAAATACAAA
830 840 850 860 870 880

900 910 920 930 940 950
AATAAATAATATAATTTATAATTATATATTCTTGTCACAATAAAAATATATATATATATA

AATAAATAATATAATTTATAATTATATATTCTTGTCACAATAAAAATATATATATATATA
890 900 910 920 930 940
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Functional analysis of cis-elements in Plasmodium: Basal transcriptional element
identified

The goal of this work is to identify and characterize cis-elements that regulate
gene expression in the malaria parasite. We have used the model system developed under
this funding, namely transfection of Plasmodium gallinaceum zygotes, for these
experiments. It has the advantage of being a robust system which readily allows
functional testing of cis-elements including analysis of mutated sequences and subsequent
biochemical characterization. The first manuscript for this work has been accepted for
publication and a second is in the final stages of preparation. The work is summarized
below. The technology described here Wlll be applied to analys1s of P. falciparum
putative promoter elements (see above).

The malaria parasite undergoes a complex developmental process through its life
cycle. This includes an asexual intraerythrocytic cycle in the vertebrate host, and a sexual
cycle that commences with gametogenesis in the vertebrate host and subsequent
fertilization and maturation in the mosquito vector. Regulation at the transcriptional and
post-transcriptional levels is no doubt important for the temporal expression of genes
required at each stage of development. Present understanding of the cis-elements
important for transcriptional control in Plasmodium is severely restricted. Sequence
analysis of 5’ flanking regions of Plasmodium genes reveal the presence of sequences
with homology to known eukaryotic control elements, for example see [1, 2]; however,
the functional significance of these sequences in Plasmodium has not been demonstrated.
The intergenic region in Plasmodium spp. Is particularly AT-rich, even within the context
of the AT-biased (~80%) genome [3], such that even the identification of TATA-like
elements, and assays to determine their utility and importance, becomes difficult. A
growing but limited number of functional analyses of promoter regions of Plasmodium
genes have been published, many of which shed light on regions that are necessary for
efficient expression [2, 4]. However, only a few studies to date have identified specific
sequences, short of transcriptional start sites, that appear to be important for gene
expression [4-6]. Due to the small numbers, and the fact that these genes are expressed at
different stages in the parasite life cycle, no consensus or common sequences could be
established. Clearly, much more can be learned about aspects of basal transcription as
well as stage-specific control of gene expression in the malaria parasite.

Pgs28 is expressed abundantly on the surface of mosquito stages of the avian
parasite, Plasmodium gallinaceum. Pgs28 belongs to the family of Pxs proteins, which
includes the P. berghei homolog Pbs21 and the P. falciparum homolog Pfs25. These
proteins contain a series of EGF-like domains that may serve a function in cell Oignaling
or in adhesion [7, 8]. Pgs28, Pfs25 and Pbs21 had been identified as targets for
transmission blocking antibodies [9-12]. Transcripts of pbs2! had been observed in
female gametocytes and gametes, as well as zygotes and ookinetes, and the pfs25
promoter appears to be specifically active in mosquito stage parasites, supporting the
notion that the genes encoding this protein family are activated specifically during the
sexual stages [5, 13, 14]. Since Pbs21 is initially expressed on the surface of zygote stage
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parasites, additional post-transcriptional control is exerted by the parasite to regulate
Pbs21 expression. We are interested in investigating pgs28 gene expression to further
understand transcriptional regulation in Plasmodium spp. And as a step towards
understanding the control of sexual development in P. gallinaceum. In this report, we
present a functional analysis of the 5’ flanking region of pgs28, using firefly luciferase as
a reporter, by which we identified two regions that are required for pgs28 trans-gene
expression. Furthermore, using Northern analysis, we define the 5° limit of the pgs28
transcript and demonstrate that pgs28 transcripts are present during the zygote stage. -

The 5° and 3’ flanking sequence of pgs28, together with an in-frame insertion of
the luciferase reporter, were previously cloned into pBS (pgs28.1LUC) [15]. In this
study, the pgs28-luc chimera, containing pgs28 5° flanking sequence, the pgs28-Iuc
fusion gene, and about 720 bp of 3’ flanking sequence, from pgs28.1LUC was cloned into
the Hindlll site of pBS to create BSpgs28-LUC. The 1871 bp 5’ flanking sequence of
pgs28 has been determined and deposited in GenBank. (The sequence and
characterization of the 3’ region was recently published [16].) Expression from BSpgs26-
LUC was confirmed by immunofluorescent antibody staining and immuno-electron
microscopy [17] and also by luciferase assays performed 24 or 48 hrs post-transfection
(see below). High expression levels up to the order of 10° light units were obtained,
offering a sensitive system for determining changes in expression levels.

In order to determine the sequence requirements for pgs28 expression, a series of
5’ deletion mutants was created either by exonuclease digestion of linearized BSpgs28-
LUC plasmid, or by PCR mutagenesis. Deletions of 790bp (FP1081), 1131bp (FP740),
1358bp (FP513), 1407 (FP464), 1485bp (FP386), 1538 bp (FP333), 1584bp (FP287),
1631 bp (FP240) and 1905bp (FP+34) from BSpgs28-LUC were obtained (Fig. 1A).
Additionally, an internal deletion mutant (1376-316, which lacks the specified sequences,
was created by inverse PCR. To assess the contribution of the deleted sequences to
pgs28-luc transgene expression, these plasmids were transfected into sexual stage
parasites as previously described [15]. Luciferase activity was assayed after 24 or 48
hours. To control for transfection efficiency, a second plasmid, pgs28-GUS, was co-
transfected and luciferase light units normalized to GUS fluorescence units.

Transfection using FP1081 demonstrated that expression of the pgs28-Iuciferase
fusion gene did not decrease significantly when the 5’ most 790 bp were deleted from the
parent plasmid (Fig. 1B). However, luciferase expression from FP740, where an
additional 340 bp has been removed, was reduced by more than 40%. A modest decrease
in promoter efficiency was observed with the removal of the next 227 bp (FP513).
Further deletions of up to 180 bp (FP464, FP386, FP333) did not seem to significantly
affect expression when compared to FP513. Interestingly, FP287, containing a deletion
of 46 bp 3’ of FP333, had less than 5% activity compared to the full-length construct.
Furthermore, the internal deletion mutant (1376-316 was also severely affected, having
only 6.6% activity. As expected, a deletion that encompasses part of the pgs28 open
reading frame (FP+34) abolished luciferase expression. The mutant FP240 had equivalent
activity to this construct, suggesting that important elements necessary for transcription
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and possibly translation have been removed. Taken together, results of the 5° deletion
analysis suggest that the minimal sequence necessary for pgs28 transgene expression
consists of the 333 bp upstream of the translational start site. Moreover, a 17 base-pair
sequence, TACCATTTGTACAGACAG, between —333 and -316, appears to be crucial,
since pgs28 expression was essentially abrogated in a 5° deletion mutant and an internal
deletion mutant that lack these sequences. We suggest that the proximal site corresponds
to the basal promoter or initiator element, as indicated in the following section. We also
suggest that positive regulatory elements lie between ~1081 and —740, and perhaps within
—740 and —513. This distal region likely contains an enhancer element(s) that contributes
to pgs28 promoter efficiency. Thus transcriptional elements that control pgs28 appear to
be bipartite, as in eukaryotic promoters and other Plasmodium genes that have been
analyzed.

We used Northern analysis as a preliminary step to map the transcriptional start
site of pgs28, and to determine whether the temporal pattern of pgs28 transcription
paralleled that of its murine homolog pbs2]. RNA was isolated from newly formed
zygotes collected after exflagellation, and from gametes. As seen in Fig.2B, an intense
signal appeared at a position corresponding to a message of about 1.4 kb in both zygote
and gamete when probed with BBm600 (lanes 1 and 2), which extends from 381 in the
5’ flanking region to within the pgs28 coding sequence. A pgs28 message of 1.5 kb has
previously been reported by Duffy and colleagues [11]. Thus, while Pgs28 expression is
most abundant on ookinete surfaces, pgs28 transcript can be seen as early as the zygote
stage. This is in agreement with transfection studies in our laboratory using the BSpgs28
construct, as well as a pgs28-GFP fusion, that demonstrated Pgs28 expression on the
surface of zygotes [17].

Recently, the polyadenylation signal of pgs28 was mapped to approximately
425bp downstream of the stop codon, with an estimated poly(dA) tail of at least 20
nucleotides [16]. Given that the coding sequence of pgs28 is 666bp, the transcription
initiation site of pgs28 would lie approximately between —390 and —290bp. In agreement
with this estimation, only the probe BV142, encompassing the sequence from —381 to —
240, hybridized to the pgs28 transcript (Fig. 2B, lane 7), while probes corresponding to
sequences further upstream failed to hybridize to pgs28 mRNA (lanes 3-6). Thus, these
studies establish the 5’ limit of the pgs28 transcript at —381 bp upstream from the
translational start site. 5’ deletion analysis suggests that the transcriptional start site is
likely to be downstream of —333bp. Experiments to determine the precise 5’ end of the
pgs28 transcript will resolve this aspect of pgs28 transcription.

The 5’ flanking sequence of pgs28 had been inspected for homology to other
eukaryotic transcriptional regulatory elements. The highly AT-rich region between —1081
and —520, typical of intergenic regions of Plasmodium spp., does not contain sequences
that are analogous to known eukaryotic regulatory elements. Two GTAAT sequences,
demonstrated to be important for GBP130 expression [6], can be found in this region.
Whether an element associated with an enhancer of an asexual stage gene in P.
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falciparum is important for expression of pgs28, a sexual stage specific gene, can only be
determined by experimental means.

Sequences downstream of —520 have also been examined. Within this region are
two putative TATA elements TAAAAAGAATAA and TATAAATGTTT, centered at —
434bp and —360bp respectively from the start codon. Since these sequences can be
deleted from the reporter constructs (FP386 and FP333) without drastically affecting
expression, they are not likely to be important for pgs28 expression. This again illustrates
that sequence analogy to eukaryotic promoter elements does not necessarily imply
functional significance in Plasmodium genes. Inspection of the presumed 5’ UTR reveals
a T-rich stretch, constituting up to 74% of the bases between 130bp and 242bp. A series
of five 8-base pair inverse repeat elements (TTTATTTTATTT) could be identified within
this sequence. Further examination of this region uncovers 3 direct repeats of 27bp to
29bp in length. Whether these sequences have functions at a post-transc